Studies of human neurodevelopmental disorders and stem cell-based regenerative transplants have been hampered by the lack of a model of the developing human brain. Stem cell-derived neurons suffer major limitations, including the ability to recapitulate the 3-dimensional architecture of a brain tissue and the representation of multiple layers and cell types that contribute to the overall brain functions in vivo. Recently, cerebral organoid technology was introduced; however, such technology is still in its infancy, and its low reproducibility and limitations significantly reduce the reliability of such a model as it currently exists, especially considering the complexity of cerebral-organoid protocols. Here we have tested and compared multiple protocols and conditions for growth of organoids, and we describe an optimized methodology, and define the necessary and sufficient factors that support the development of optimal organoids. Our optimization criteria included organoids' overall growth and size, stratification and representation of the various cell types, inter-batch variability, analysis of neuronal maturation, and even the cost of the procedure. Importantly, this protocol encompasses a plethora of technical tips that allow researchers to easily reproduce it and obtain reliable organoids with the least variability, and showcases a robust array of approaches to characterize successful organoids. This optimized protocol provides a reliable system for genetic or pharmacological (drug development) screens and may enhance understanding and therapy of human neurodevelopmental disorders, including harnessing the therapeutic potential of stem cell-derived transplants.
Introduction
Studies of human brain development and the associated neurodevelopmental disorders have been tremendously limited by the lack of a bona fide human model of the disease (and thus lack of insights into the roles of the disease-related genes at early stages of human brain development) 1, 2 . Recently, stem cell-derived human neurons provided some insights that couldn't be obtained from mouse models; however, they are far from simulating the 3-dimensional (3-D) development of complex neural tissues that develop in vivo during human cerebral development 3 . To date, the most advanced technology to model human brain development is human cerebral organoids, which provide enormous advantages over traditional mouse models [4] [5] [6] [7] [8] [9] . First, unlike mouse models, human cerebral organoids recapitulate "uniquely human" features of brain development such as the presence of the outer subventricular zone (SVZ) rich in the neurogenic outer radial glia that contribute to the cortical size and sophistication found in the human brain. Second, the organoid model can provide insights into human-specific brain development in the most relevant genetic context. For example, certain gene mutations that are responsible for severe phenotypes and devastating neurodevelopmental conditions in humans exhibit either no phenotype or a very subtle (barely significant) phenotype in the mouse brain [7] [8] [9] [10] . Thus, the organoid system is emerging as a cutting-edge technology to study human brain development and its associated neurodevelopmental conditions [11] [12] [13] [14] [15] [16] .published neuronal differentiation (2-D) and organoid differentiation (3-D) concepts and methods [4] [5] [6] [7] [8] [9] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , with in-parallel comparisons of the most important factors, media, or conditions suggested by the previous methods. For beginners who attempt to develop cerebral organoids for the first time, it is probably very difficult, laborious, and time-consuming to test various conditions in parallel and assess the outcomes of each protocol concurrently. Thus, we here provide this optimized protocol to help researchers save a significant amount of time in establishing the organoid system in their laboratories with less initial optimization work required. We also provide lots of technical tips that help save time and cost of the procedure in general and importantly reproducibly develop cerebral organoids with very high consistency. Furthermore, we also describe a panel of assays, of varying complexities, to characterize and optimize the organoids produced, and thus, this protocol represents an all-in-one guide or manual for beginners.
Materials and Reagents Cells
Human embryonic stem cell (ESC) or induced pluripotent stem cell (iPSC) lines. The protocol described here was optimized based on the H1 human embryonic stem cell (hESC) line that is one of the most well characterized and established hESC lines. The protocol may also be applicable to a wide variety of ESC and iPSC lines with investigator optimizations for the desired cell lines to use. Quantitative Real-time Reverse-transcription Polymerase Chain Reaction (qPCR) Assays
Media
All qPCR assays were purchased from Integrated DNA Technologies (Coralville, IA, USA). PrimeTime or the indicated qPCR assays (primer pairs with probes) were resuspended in nuclease-free water into a stock solution (100 mM) to be aliquoted and stored at À20 C. A list of the qPCR assays used for characterization of the cerebral organoids is provided in Table 1 .
Primary Antibodies
A list of the primary antibodies used for characterization of cerebral organoids is provided in Table 2 .
Secondary Antibodies
Fluorophore-conjugated secondary antibodies (Alexa Fluor 488, 546, and 647) were purchased from Molecular Probes (Invitrogen). Suitable, desirable secondary antibodies could be purchased from Thermo Fisher.
Organoid Markers
Various markers were used throughout this protocol to characterize the organoids. Representation of the organoid layers and cell types and gene expression profiles were determined using multiple assays: qPCR analyses, immunoblotting 
Procedures
Procedure for induction of human cerebral organoids.
On day 1, spin down the pluripotent stem cells (PSCs)
at 200 to 250 g for 5 min. Wash the cells once with mTESR medium and once with Medium I. Resuspend the cells in Medium I. Count the cells using an automated cell counter, or a hemocytometer, after excluding dead cells using trypan blue staining.
Seed an optimum number of PSCs resuspended in
Medium I into each well of an ultralow attachment (ULA) 96-well plate. At this stage, embryoid bodies (EBs) will be derived. Optimizing the initial cell number to seed can affect the efficiency of EB induction. Figure 1 shows the efficiency of EB induction for human ESC H1 (WA-01) line, which is one of the most characterized and extensively used ESC lines in human neurodevelopmental and neuropsychiatric disease modeling. 22 The optimum seeding density lies within the range of 5,000 to 10,000 cells per well. The investigator is also encouraged to optimize the cell number depending on the PSC line used. As an alternative to the ULA plates, inducing EBs by seeding the cells in the bottom of a 15-mL Falcon tube was also suggested 13 , and thus we tested this possibility. While EBs could be successfully induced using both surfaces, significantly higher efficiency of EB induction was associated with the use of the ULA plate (Fig. 2) .
Some previous protocols suggested that dual SMAD inhibition, or Sonic Hedgehog (SHH) antagonism, at this stage may enhance organoid development by enhancing neuroectodermal differentiation 13, 20, 21, 23 . Thus, we tested the effect of dual SMAD inhibition (using 2 mM dorsomorphin þ 2 mM A83-01 in the medium) or SHH inhibition (using 1 mM cyclopamine in the medium) or the combination of both conditions on organoid differentiation including levels of progenitors and neuronal differentiation. Monitoring after 10 days of differentiation (Fig. 3) , we found that none of these treatments enhanced the levels of paired box protein 6 (Pax6þ) progenitors and that dual SMAD inhibition slightly increased the levels of neural progenitors, while the combination of SMAD inhibitors plus SHH inhibitors actually significantly reduced the levels of intermediate (EOMESþ) progenitors that recapitulate SVZ outer radial glial progenitors in vivo, and thus this condition was excluded from further analysis. Monitoring after 35 d of differentiation, we could detect a slight increase in microtubule associated protein 2 (MAP2þ) levels, a neuronal marker (Fig. 4) . Given the overall results in Figs. 3 and 4, we concluded that these treatments may not have a striking positive effect or may have negative effects on the overall organoid development, and thus we adopted a protocol void of those treatments. 3. On days 3 and 5 or when necessary (when the medium becomes too yellow), change half of the medium with fresh Medium I. Total medium volume per well of a 96-well plate can range between 150 and 200 mL.
Observe the formation of EBs; successful optimal
EBs should by day 4 to 6 exhibit thin bright edges (Fig. 8 ). 5. On days 6 and 7, when EBs have reached a good size (*500 + 100 mm) and acquired a circular shape with less debris attached to the edge and some brightness (Fig. 8) , remove Medium I from the well carefully without touching the EBs and add 150 to 200 mL Medium II to induce neuroectoderm development. It was previously suggested that double treatment with Wnt3A agonist (1 mM CHIR99021) plus SMAD inhibitor (1 mM SB431542) during this stage may have a beneficial effect on organoids' growth 13, 20, 21, 23 . However, we have found that this treatment actually significantly reduced the levels of the neuronal progenitors (Pax6þ) and the neurons (MAP2þ; Fig. 5a ). Moreover, the no-treatment protocol may provide more mature neurons as probed by the expression of mature-neuron markers such as the glutamatergic receptors (AMPA and NMDA receptors) and transporters (vGluT1 and vGluT2) and the GABAergic receptor (GABBR1, GABA B receptor 1) and transporter (vGAT, vesicular GABA transporter) (Fig. 5b-d) . 6 . After 48 h, observe the development of an outer translucent neuroectodermal layer around the EB. Change the medium with fresh Medium II, and let it go for another 48 h. 7. On days 11 and 12 (4 and 5 days post-Medium II), an expanded neuroectodermal outer translucent layer (Fig. 8) should be apparent. At this point, prepare nonadherent petri dishes (bacterial-grade, sterile). Also, thaw out Matrigel aliquots: Matrigel is to be thawed out at 4 C (in a bucket of wet ice). 8. For better visualization, place the ULA plate containing the developing organoids on the stage of a light microscope maintained at 37 C and enclosed in a sterile laminar flow hood. Carefully fish out each organoid from the well (using a wide-opening pipette tip), transfer to a 10-cm petri dish and immerse the organoid in 40-mL of thawed Matrigel (drip the Matrigel on top of the organoid). When pipetting the Matrigel drop on the organoid, try to use a narrow-opening pipette tip. This gives the ejected drop a higher surface tension and ensures the drop isn't spread around. Be careful not to introduce air bubbles into the Matrigel drop. One petri dish may accommodate up to 15 to 20 Matrigel-embedded organoids (Fig. 6) . Transfer the organoid petri dish to a 37 C incubator for 20 to 30 min.
Add 4 to 5 mL Medium III to the organoids in the petri dish to induce neuroepithelium development. Dislodge the Matrigel-embedded organoids that may have adhered to the plate by shaking the plate gently and if necessary gently dislodge them with a blunt tool such as a sterile spatula to ensure floating organoid drops. 9. After 48 h, observe the development of neuroepithelial buds. Add 3 to 4 mL Medium III and let it go for another 48 h. Successful organoids should exhibit several neuroepithelial buds projecting out of the surface as shown in Fig. 8 .
After a total of 4 d in stationary cultures (post-
Matrigel embedding), decant out most of the medium in the petri dishes, except for about 1 mL in which the organoid drops will be floating and pour that 1 mL gently into a shaker flask (e.g., orbital spinner flask or Erlenmeyer flask) containing 8 mL Medium IV. Place the flask on a shaker in a 37 C incubator. Change the medium every week. Additional "maturating" factors (Medium V) were previously suggested 13 . However, we found that these factors had no positive effect on organoid development or neuronal maturation, as assayed by various markers for the organoid layers and also markers for mature neurons such as the various neurotransmitter receptors and transporters (Fig. 7) . 11. By days 75 to 90, organoids should have an abundance of mature neurons, and could now be characterized as detailed below, and consequently used in functional assays, neurodevelopmental studies, or disease modeling as desired. Organoids can be kept growing in culture for about 6 mo; however, older organoids (7 to 12 mo old) tend to shrink due to loss of the neurogenic progenitors and radial glial cells, and are not experimentally useful. For simplicity, the procedure (steps 1 to 11) is depicted in Fig. 8 .
Procedure for qPCR assays of organoids. At the indicated time points, organoids were collected in the medium and were Fig. 4 . Effect of various conditions on organoids. The procedure involving no additional treatment or the indicated treatments was compared. The organoids were derived using the procedure, minus or plus the indicated treatment included in Medium I. At day 35, the organoids were isolated and RNA extracted and then we probed for progenitors or neurons using Pax6 or MAP2 markers, respectively, and quantitative real-time reverse-transcription polymerase chain reaction was performed. Organoids at day 0 of induction were used as background control. Error bars represent standard deviation. **p < 0.01, *p < 0.05 (Student's t test).
un-wrapped from the Matrigel droplets using a pipette tip, gently without disturbing the tissue. Matrigel-freed organoids were then centrifuged and washed with PBS and RNA was extracted using standard procedures (e.g., commercial RNAeasy kit [Qiagen] or phenol-chloroform, or Trizol ® extraction). RNA was stored long term at À80 C. Reverse transcription and quantitative PCR then followed using the VeriQuest Probe One-Step qRT-PCR kit (Affymetrix) as per the manufacturer's guidelines. qPCR was conducted on a 7900HT Fast Real-Time PCR System, and the data were analyzed using the associated RQ Manager analysis software. Relative quantification of messenger RNA was performed using the 2 ÀDDCT method. Procedure for immunoblotting assays of organoids. At the indicated time points, the organoids were collected in the medium and unwrapped from the Matrigel, centrifuged, and washed with PBS. Washed organoids were then dispersed in RIPA buffer supplemented with freshly added protease and phosphatase inhibitors. The homogenate was centrifuged, and the clear (pellet-free) lysate was used for SDS PAGE per standard procedures, followed by transfer onto nitrocellulose membrane, nonspecific binding blocking, incubation with primary antibody overnight at 4 C, and secondary antibody for 1 h at room temperature. Standard procedures were then followed.
Procedure for immunohistochemistry (IHC) and confocal microscopy of organoids. Organoids were flash-frozen in OCT Compound™ using liquid nitrogen or ethanol-dry ice mix. Flash-frozen organoids were stored at À80 C. Organoids were sectioned using Microtome cryostat at À20 C. Sections were collected on adhesive Superfrost Plus ™ glass slides, air-dried at room temperature for 10 to 15 min followed by fixation in cold acetone or cold 4% PFA for 10 min. Then, the sections were washed in PBS, followed by blocking for 1 h at room temperature in antibody blocking solution, and then incubated with primary antibody (diluted in antibody vehicle solution) overnight at 4 C on a rotating shaker and secondary antibody (diluted in antibody vehicle solution) for 1 h at room temperature on the rotating shaker per standard procedures. Sections were finally mounted in DAPI-containing mounting medium (Vectashield) and imaged using Nikon confocal microscopy.
Characterization, and further optimization, of organoids
Organoid size and growth extent. Successful organoids produced via this protocol should reach a diameter of 3 to 5 mm (organoid diameter may be assessed using microscopeattached measurement software). Figure 9 shows comparatively 2 batches of organoids: a batch produced using the protocol described here (positive conditions that enhance organoid maturation and differentiation) and a failed organoid batch produced using negative growth conditions which lack the ability to support organoid growth.
Organoid homogeneity and variability. The protocol described here has been optimized to give rise to organoid batches of minimal variability in terms of size and overall growth, inter-batch variability, neuronal maturity, and reproducibility, as compared to many nonoptimal protocols of which 2 are shown here (Fig. 10a-e) .
Representation of the various organoid layers and cell types. Organoids derived using the described procedure show the presence of various cell types expected in growing neural tissues. Using qPCR analysis, we show enhanced expression of markers for the ventricular zone (VZ; Pax6), the subventricular zone (SVZ; EOMES) and cortical plate (CP) neurons (MAP2) after 35 d of organoid differentiation (Fig. 11) .
Using IHC, we show the presence of 3 distinct layers: MAP2 high /Pax6 À layer (preplate/CP), MAP2 low /Pax6 þ layer (IZ/SVZ), and MAP2 -/Pax6 þ layer (SVZ/VZ; Fig. 12a and  b) . Furthermore, we show that mature organoids also exhibit the presence of astrocytes marked by S100b along with the neurons (MAP2 þ ; Fig. 12c ).
Neuronal representation and neuronal maturation. Organoids should show the presence of robust layers of neurons that are stained with multiple neuronal markers such as tubulin beta-III (Tuj1), neuronal nuclei (NeuN), and microtubuleassociated protein 2 (MAP2) (Fig. 13a-c) .
Importantly, we tested the maturity of these neurons by determining the expression of various mature-neuron markers, including synaptic proteins (Synaptotagmin 1, Syt1; Syntaxin 1, STX; neurexins, NRXN; neuroligins, NLGN), and neurotransmitter transporters (vGluT1, vesicular glutamate transporter 1; vGluT2, vesicular glutamate transporter 2; vGAT, vesicular GABA transporter) and receptors (GRIA1 or GluA1, Glutamate Ionotropic Receptor AMPA Type Subunit 1; GRIN1 or GluN1, Glutamate Ionotropic Receptor NMDA Type Subunit 1; GRIN2A or GluN2A, Glutamate Ionotropic Receptor NMDA Type Subunit 2A; GRIN2B or GluN2B, Glutamate Ionotropic Receptor NMDA Type Subunit 2B; GABBR1, GABA Type B Receptor Subunit 1), which were all significantly expressed (Fig. 13d-f ).
Recipes
Medium I: 75% DMEM/F12 þ 20% KSR þ 3% ESqualified FBS (may be eliminated without a significant effect on the outcome) þ 1% GlutaMAX þ 1% nonessential amino acids þ 0.0007% b-mercaptoethanol. Before organoids induction, add to Medium I fresh ROCK inhibitor Y26732 (final concentration 50 mM) plus bFGF (final concentration 4 ng/mL). When referring to Medium I in the procedure above, we imply the complete Medium I recipe with these 2 freshly added factors. Medium II: 97% DMEM/F12 þ 1% N2 supplement þ 1% GlutaMAX þ 1% nonessential amino acids þ heparin (1 mg/mL up to 10 mg/mL). Organoids' homogeneity and variability. (a) Size determination for organoids derived under various conditions shows the greatest organoid size achieved through the protocol described here. The optimized protocol refers to induction of organoids using the procedure steps above and Medium I alone at Step 2 of the procedure; nonoptimal protocol 1 refers to induction of organoids using Medium I plus Sonic Hedgehog inhibitor (1 mM cyclopamine) at Step 2; nonoptimal protocol 2 refers to induction of organoids using Medium II plus double treatment with Wnt3A agonist (1 mM CHIR99021) and SMAD inhibitor (1 mM SB431542) at Step 5. (b) Examples of batches of organoids derived using the optimized protocol. (c) Analysis of organoid size in 3 independent batches of organoids derived using the optimized protocol shows reproducibility, consistency, and insignificant variability between the batches. (d) qPCR analysis of multiple mature neuron markers in 2 independent organoid batches derived using nonoptimal protocol 2 shows lack of reproducibility and the great variability between the batches. (e) qPCR analysis of multiple mature neuron markers in 2 independent organoid batches derived using the optimized protocol shows the reproducibility of the protocol and lack of variability between the batches. Error bars represent standard deviation. ***p < 0.001, **p < 0.01, *p < 0.05. NS, nonsignificant (Student's t test).
Medium III: 48% DMEM/F12 þ 48% Neurobasal medium þ 0.5% N2 supplement þ 1% B27 supplement without retinoic acid (vitamin A) þ 1% Gluta-MAX þ 0.5% nonessential amino acidsþ 0.00035% b-mercaptoethanol þ 0.025% insulin. Medium IV: 48% DMEM/F12 þ 48% Neurobasal medium þ 0.5% N2 supplement þ 1% B27 supplement with retinoic acid (vitamin A) þ 1% GlutaMAX þ 0.5% nonessential amino acids þ 0.00035% b-mercaptoethanol þ 0.025% insulin. Medium V: Neurobasal medium þ 1% B27 supplement with retinoic acid (vitamin A) þ 1% GlutaMAX þ 0.00035% b-mercaptoethanol þ 0.2 mM ascorbic acid þ 0.5 mM cAMP þ 20 ng/mL BDNF þ 20 ng/ mL GDNF þ 1 ng/mL TGFb. PFA solution for tissue fixation: prepare a 4% PFA solution, pH 7.4 as follows: dilute PFA stock solution vials (32%) 1:8 in PBS to yield a final concentration of 4%. Keep working solution in light-proof containers at 4 C for no longer than 2 wk. IHC blocking solution: 5% to 10% goat serum, 0.1% BSA, 0.3% Triton X-100 in PBS. IHC antibody vehicle solution: 1% to 2% goat serum, 0.1% Triton X-100 in PBS. Markers of the major organoid layers were determined after 35 d of differentiation using quantitative real-time reverse-transcription polymerase chain reaction assay, and messenger RNA levels were compared to predifferentiation (day 0) levels. Error bars represent standard deviation. ***p < 0.001, **p < 0.01 (Student's t test). , and DAPI (blue) and imaged using confocal microscopy. Layers 1, 2, and 3 refer to the CP-like layer, IZ-like layer, and SVZ/ VZ-like layer, respectively. (c) Organoid sections stained for MAP2 and S100b and imaged using confocal microscopy. 
Beginners' Checklist for Troubleshooting and Optimization
The following checklist is especially useful when attempting to develop cerebral organoids for the first time and also for troubleshooting purposes. little (almost insignificant) difference in organoid section quality when organoids were fixed in cold acetone or cold PFA. However, significant optimization may be required for certain antibodies. The investigator may attempt multiple fixative types (acetone, PFA, methanol, etc.), fixative concentrations (e.g., 1-4% PFA), and duration of fixation (e.g., 10 min to couple of hours). Certainly, antibody optimization may be required depending on the antibody to be used.
Statistical Analyses
The experiments whose results are reported above were independently replicated for 3 times (unless otherwise indicated). Error bars on the quantification panels represent standard deviation. Determination of statistical significance was performed via Student's t test, and the cutoff p value for significance was 0.05.
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